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Introduction {#sec001}
============

The efficiency of human motor learning is significantly enhanced by minimizing the amount of practice, while maximizing the time interval between practice sessions without losing what is learned. Various studies have been conducted to model the optimal method of practice for maximizing motor learning performance \[[@pone.0215331.ref001]\]. For example, the effects of practice conditions, such as contextual interference and knowledge of results \[[@pone.0215331.ref002]--[@pone.0215331.ref004]\] and physical fatigue \[[@pone.0215331.ref005]\] on performance have been investigated. Besides these factors, we focus on the practice schedule, i.e., the duration of practice and the time interval between practice sessions. For people who try to learn or improve a new motor skill, a critical problem is how long they should practice in a day and how many days of rest they are allowed between sessions to maintain their skills. Therefore, to establish a method for efficient motor learning, it is necessary to determine the effects of the amount of practice and the time interval between practice sessions on motor learning.

Effect of amount and time interval of practice {#sec002}
----------------------------------------------

In terms of the amount of practice, neurophysiological studies have suggested that extensive practice is important for the consolidation and retention of motor memory \[[@pone.0215331.ref006]\]. In addition, imaging studies on human motor sequence learning and recent studies on human visuomotor adaptation have shown that saturation learning caused by extensive practice facilitates the retention of newly acquired motor skills \[[@pone.0215331.ref007]--[@pone.0215331.ref010]\]. For efficient motor learning, the time interval between practice sessions should not be too long or too short. Passage of time is one of the main factors that decays motor memory \[[@pone.0215331.ref008], [@pone.0215331.ref011]--[@pone.0215331.ref013]\]. However, some studies have reported that a certain time interval facilitates the consolidation of motor memory \[[@pone.0215331.ref014]--[@pone.0215331.ref016]\]. Shadmehr and his colleagues \[[@pone.0215331.ref014]--[@pone.0215331.ref016]\] suggested that time passage is necessary to reduce task-irrelevant motor commands and stabilize motor memory. Therefore, to avoid wasting time and effort, it is necessary to determine the optimal time interval.

Krakauer, Ghez \[[@pone.0215331.ref008]\] suggested that consolidation for visuomotor learning becomes more resistant to retrograde interference when the amount of initial learning is increased, and that a longer time interval causes time decay of consolidated motor memory. In a series of experiments, they used a reaching task with visuomotor rotation to test the retrograde interference effect. They manipulated the time interval between the initial rotation learning and counter-rotation learning (5 min vs 24 h). The time interval between the counter-rotation learning and rotation re-learning was 24 h or 48 h. The amount of initial learning was 264 trials or 528 trials. The results showed that the amount of the initial practice contributed to a stronger resistance to interference. In addition, they indicated that a longer time interval caused time decay even in consolidated motor memory.

Trempe and Proteau \[[@pone.0215331.ref009]\] showed that a 24-h interval after extensive practice facilitates internal model consolidation. They performed an experiment involving a reaching task, in which they manipulated the amount of practice in the first session (24 trials vs. 144 trials) and the time interval between the first session and re-learning session (10 min vs. 24 h). The results of the experiment showed that when the participants performed 24 trials in the first session, their performance in the re-learning session decreased to the baseline level despite the different time interval conditions. In contrast, when the participants performed 144 trials in the first session, the 24-h-interval group showed more persistent aftereffects than the 10-min-interval group. From these results, it was concluded that performance improvement to a certain level in the first session leads to internal model consolidation after 24 h.

Although these previous studies investigated the consolidation of motor memory by manipulating the amount of the practice or time interval between practice sessions, the interaction between them in long-term motor learning has not been directly addressed. Trempe and Proteau \[[@pone.0215331.ref009]\] focused on the difference between short-term retention (10 min) and long-term retention (24 h) of motor memory after the first practice session. Further, in a previous study of considerable importance, Krakauer, Ghez \[[@pone.0215331.ref008]\] performed several experiments with different amounts of practice and time intervals between practice sessions; however, they did not directly investigate the interaction between the time interval until the re-learning session and the amount of practice in the initial session. Thus, regarding the amount of practice and time interval between practice sessions, it remains unclear how these factors affect the acquisition and long-term retention of a new internal model.

The current study aimed to determine the effect of the amount of practice and long-term intervals between practice sessions on the retention and consolidation of an internal model. We assumed that motor learning and consolidation within the time frame of a day is important for the optimization of the practice schedule in motor skill learning. Therefore, we scheduled an experiment based on a longer span of time than that used by Trempe and Proteau \[[@pone.0215331.ref009]\]. We manipulated the amount of practice on Day 1 (20 sessions vs. 10 sessions) and the time interval between practice sessions (24 h vs. 48 h). The objective of the present study was to determine the relationship between motor learning and amount of practice and time intervals between practice sessions.

Internal model of visuomotor rotation {#sec003}
-------------------------------------

The acquisition of motor skills can be interpreted as that one acquires a new internal model for the skill. An internal model is a neural mechanism in the central nervous system (CNS) that can mimic and simulate the behavior of the sensorimotor system and objects in the real world, that is, the external environment outside of our body \[[@pone.0215331.ref017]\]. Using this model, one can predict sensory feedback as the consequences of movements by using efference copies of motor commands \[[@pone.0215331.ref018], [@pone.0215331.ref019]\]. Assuming that internal models exist in the CNS, we can explain how humans solve the problem regarding time delay during visual feedback in motor control to achieve fast and smooth movement and to flexibly adapt to changes in the real world \[[@pone.0215331.ref020]--[@pone.0215331.ref022]\]. Neurophysiological and imaging studies have suggested that the cerebellum acquires internal models by using error signals that are the differences between the predicted and actual sensory consequences \[[@pone.0215331.ref019], [@pone.0215331.ref023]--[@pone.0215331.ref025]\]. These studies suggested that the cortico-cerebellar network is the neural substrates involved in internal models for motor production and motor control \[[@pone.0215331.ref020], [@pone.0215331.ref023], [@pone.0215331.ref026]\].

Aftereffects and savings {#sec004}
------------------------

The degree of motor learning progression is assessed based on aftereffects and savings. These two measures were calculated from the task performance, which is evaluated as the distance between the target and the cursor. Aftereffects refers to a rapid increase in error during a motor learning task, which is observed when the external environment changes after the participants adapt to the previous environment. For example, in visuomotor adaptation tasks, the most important information about the external environment is regarding how the mouse cursor moves according to the movement of the participants' hand; in other words, it describes how the movement direction of the mouse cursor is perturbed by visuomotor rotation. When participants return to a normal environment (rotation is OFF) after they have adapted to a novel environment (rotation is ON), error increases even they execute the task under the normal environment. This phenomenon is called "aftereffects". Usually, aftereffects vanish relatively quickly; that is, the error in the normal environment changes back to the baseline in a short while. It is a common measure for visuomotor adaptation \[[@pone.0215331.ref008], [@pone.0215331.ref027]--[@pone.0215331.ref031]\], and it is considered as a sign of acquisition of a new internal model \[[@pone.0215331.ref032]\]. Predictive feedforward control based on internal models is necessary to achieve fast and smooth movement that is required in a tracking task \[[@pone.0215331.ref033]\]. In human motor learning, feedback control is dominant until a new internal model is acquired, while feedforward control becomes dominant once the new internal model consolidates \[[@pone.0215331.ref017], [@pone.0215331.ref020]\]. Therefore, we evaluated aftereffects to examine whether the participants acquired a new internal model for a novel environment.

Savings is defined as faster re-learning of a novel environment compared to the initial learning. \[[@pone.0215331.ref034], [@pone.0215331.ref035]\]. For example, when participants are exposed to a novel environment (rotation is ON) in the visuomotor adaptation tasks twice with some time interval in between, error decreases faster in the second exposure (re-learning) than in the first exposure (initial learning). This improvement in the efficiency of motor learning is called savings. The calculations of savings differ among studies \[[@pone.0215331.ref036]\], but they are consistent with each other in that savings is considered as an index of recalling the motor memory of visuomotor rotation that has already been learned \[[@pone.0215331.ref008], [@pone.0215331.ref028], [@pone.0215331.ref037]\]. In the present study, we assessed savings to test how the amount of initial training and time interval between practice sessions affected the retention of motor memory.

To determine the effects of the amount of practice and the time interval between practice sessions on the retention and consolidation of a new internal model, the present study investigated the following two hypotheses: (1) A new internal model consolidates owing to extensive practice after reaching a task performance plateau. (2) As the time interval between practice sessions is extended, it prevents the new internal model from being activated.

Implicit learning and visuomotor tracking task {#sec005}
----------------------------------------------

In the present study, we conducted a tracking task with 120° clockwise visuomotor rotation for two days based on the work of Imamizu, Miyauchi \[[@pone.0215331.ref024]\] because we assumed that the contributions of explicit strategies are less in the tracking task compared to the reaching task. Previous studies on visuomotor adaptation commonly involved a reaching task that required the participants repeatedly to execute short reaching movements from a start point to a target \[[@pone.0215331.ref036], [@pone.0215331.ref038]--[@pone.0215331.ref042]\]. In contrast, the tracking task we conducted requires intuitive motor control of participants to keep tracking a randomly moving target with a cursor.

We assumed that with continuous movement in the tracking task, participants are less likely to use explicit strategies compared to the probability of the reaching task because continuous movement in the tracking task does not allow the participants to take time for considering how to reduce errors during trials. While the target of the tracking task keeps moving and the optimal movement to reduce errors changes from moment to moment, that of the reaching task is static during the movement, likely enabling participants to develop a solution for error reduction \[[@pone.0215331.ref043], [@pone.0215331.ref044]\]. In the learning session with visuomotor rotation, it is more complicated to move a cursor in a direction that compensates for the imposed rotation in the tracking task than in the reaching task. Previous studies have reported that a tracking task facilitates implicit learning as it requires continuous and omnidirectional movements \[[@pone.0215331.ref045], [@pone.0215331.ref046]\]. Although it would be indirect evidence regarding the implicit nature of tracking-based adaptation, rotation-induced errors in general decrease slowly in tracking tasks compared to reaching tasks \[[@pone.0215331.ref024], [@pone.0215331.ref043], [@pone.0215331.ref044]\]. In addition, recent studies reported a relatively large contribution of explicit strategies in a reaching task involving visuomotor rotation \[[@pone.0215331.ref047]--[@pone.0215331.ref050]\]. Although we do not exclude the possibility that the tracking task involves explicit components, to decrease the influences of explicit learning and investigate implicit learning, we used the tracking task. Note that this does not mean that the tracking task can eliminate all explicit strategies because as Taylor, Krakauer \[[@pone.0215331.ref051]\] indicated, an explicit component is inevitably involved with motor adaptation tasks.

Material and methods {#sec006}
====================

Participants {#sec007}
------------

The study and consent procedure were approved by the Ethics Committee on Human Research of Waseda University. Forty right-handed university students (20 males, 20 females; mean age: 20.8±1.9 years) provided informed consent and performed a tracking task. All the participants were neurologically healthy and unaware of the purpose of the study and the experimental task. The participants were assigned to one of four experimental condition groups that differed in terms of the amount of practice on Day 1 and the time interval between Day 1 and Day 2. We controlled possible circadian effects within participants by carrying out the task on Day 1 and Day 2 in the same period of time. The participants were told to get a good night's sleep and to avoid all forms of caffeine and alcohol for the duration of their participation in the experiment.

Experimental setup {#sec008}
------------------

[Fig 1](#pone.0215331.g001){ref-type="fig"} shows the experimental apparatus. The participants sat on a height-adjustable chair in front of a desk and performed a tracking task. All the participants used the same mouse and laptop computer (13" Dell Inspiron) placed 60 cm in front of them. The participants moved the mouse on the surface of the horizontal desk with their right hand, and they were instructed to keep the mouse straight when they moved it. The experimenter observed the participants from a separate room during the task to check whether they carried out the task according to the instructions.

![Experimental apparatus.\
The participants sat on a height-adjustable chair in front of a desk and performed a tracking task. All the participants used the same computer mouse and laptop computer (Dell, Inspiron 13" screen) placed 60 cm in front of them.](pone.0215331.g001){#pone.0215331.g001}

Tracking task {#sec009}
-------------

The tracking task was created on the basis of the work of Imamizu, Miyauchi \[[@pone.0215331.ref024]\]. The participants performed the task on two days, separated by an interval of 24 h or 48 h. They were instructed to track a moving ball (2 mm in diameter) using a cross-hair cursor (2 mm). The target ball moved at an average speed of 11 cm/s. The trajectory of the target was the sum of two waves. The trajectories were generated randomly from sine waves with two different frequencies along the x and y axes. The target started its movement from the center of the display in every trial. Each trial took 30 s and there was a 5 sec break between the trials. One session involved four trials.

The practice schedule is shown in [Fig 2](#pone.0215331.g002){ref-type="fig"}. The task consisted of three sessions: the baseline session, practice session, and testing session. In the baseline and testing sessions, visuomotor rotation was not introduced along the movement direction of the mouse cursor; therefore, the relationship between the movement direction of the mouse and the mouse cursor was normal. In the practice session, the visual feedback of the mouse cursor was rotated 120° clockwise. There were four experimental conditions that differed in terms of the amount of practice on Day 1 and the time interval between Day 1 and Day 2. On Day 1, two groups (Group 1, Group 3) performed 20 sessions including one baseline session (rotation is OFF), 16 practice sessions (rotation is ON), and three testing sessions (rotation is OFF). The other two groups (Group 2, Group 4) performed 10 sessions on Day 1, including one baseline session, six practice sessions, and three testing sessions. The cursor was rotated similar to the practice sessions for Groups 1 and 3. As for the time interval between practices, two groups (Group1, Group 2) performed the second experimental session 24 h later, while the others (Group 3, Group 4) did so 48 h later. On Day 2, all the groups performed 10 sessions including one baseline session, six practice sessions, and three testing sessions. The 10-session practice took approximately 30 min, and the 20-session practice took approximately 60 min.

![Training schedule.\
The participants were assigned to one of four groups that differed in terms of the amount of practice on Day 1 and the time interval between Day 1 and Day 2. The gray parts of the bars represent rotation sessions, and the white ones represent non-rotation sessions. Groups 1 and 2 performed the task twice with a 24-h interval, while Groups 3 and 4 performed it twice with a 48-h interval. Groups 1 and 3 performed 10 sessions on Day 1, whereas Groups 2 and 4 performed 20 sessions on Day 1.](pone.0215331.g002){#pone.0215331.g002}

The target ball was colored green in the non-rotation condition and red when the cursor was rotated 120° clockwise. Prior to the experiment, the participants were instructed to concentrate on tracking the target, and not to move the cursor in other ways. In addition, they were told that the path of the target and the cursor movement were controlled in the experiment, and that they might find the experiment unusual. The tracking task was written in MATLAB, using the Psychophysics Toolbox extensions \[[@pone.0215331.ref052], [@pone.0215331.ref053]\].

Data analysis {#sec010}
-------------

All the trajectories of the ball and cursor were recorded using MATLAB at 60 Hz. The tracking error was calculated as the Euclidian distance between the target and cursor. Based on this error calculation, the aftereffects and savings were calculated as measures of visuomotor adaptation and motor learning, respectively. In the present study, the difference between the first baseline session and first testing session was considered as the aftereffects. For calculating the aftereffects, we considered the positional error in the initial two seconds of each trial. We did not use the last two seconds because the error in that period was likely influenced by the tracking performance before the period, which included a large amount of feedback influence. It was observed that at least in the tracking task, the distance error of the first few seconds well reflected a feedforward component and stable rather than the initial directional error \[[@pone.0215331.ref043]\]. In addition, the savings was calculated as the percent decrease in error from the second session to the seventh session from Day 1 to Day 2.

Statistical testing {#sec011}
-------------------

To test if the adaptation reached a learning plateau, we performed a paired t-test to compare errors between the last two sessions within each group. In terms of the aftereffects, we performed a three-way, mixed measures ANOVA to test whether the change in error from the last practice session to the next session differed between the four groups that varied in terms of the amount of practice and the time interval between practice sessions. In terms of savings, we performed a two-way repeated measures ANOVA to test whether the decrease rate of the error changed from Day 1 to Day 2. The statistical test used in the present study followed that used in previous studies \[[@pone.0215331.ref024], [@pone.0215331.ref030], [@pone.0215331.ref043]--[@pone.0215331.ref046]\].

Results {#sec012}
=======

We calculated the errors in the tracking task for two days to investigate the effect of the amount of practice and time interval between practice sessions on the retention and consolidation of a new internal model. Although all participants noticed the rotation of the cursor in the practice sessions, they could not describe the rotation. [Fig 3](#pone.0215331.g003){ref-type="fig"} shows the changes in the errors of the 24-h-interval groups, and [Fig 4](#pone.0215331.g004){ref-type="fig"} shows those of the 48-h-interval groups. The horizontal axis represents the number of sessions, and the vertical axis represents the task errors.

![Task performance of Group 1 and Group 2 (24-h-interval groups).\
The horizontal axis represents the number of sessions of the tracking task, and the vertical axis represents the average error. The dashed line separates the results of Day 1 and Day 2. The blue line represents Group 1 (participants who performed 10 sessions on Day 1). The pink line represents Group 2 (participants who performed 20 sessions on Day 1). The open squares represent non-rotation sessions, and the filled circles represent rotation sessions. The background shadow shows the standard deviation of each group. The error increased in the second session on Day 1 in both the groups, after which it decreased.](pone.0215331.g003){#pone.0215331.g003}

![Task performance of Group 3 and Group 4 (48-h-interval groups).\
The horizontal axis represents the number of sessions of the tracking task, and the vertical axis represents the average error. The dashed line separates the results of Day 1 and Day 2. The blue line represents Group 3 (participants who performed 10 sessions on Day 1). The pink line represents Group 4 (participants who performed 20 sessions on Day 1). The open squares represent non-rotation sessions, and the filled circles represent rotation sessions. The background shadow shows the standard deviation of each group. As with the 24-h-interval groups, the error increased in the second session on Day 1 in both the groups, after which it decreased.](pone.0215331.g004){#pone.0215331.g004}

The errors increased in the second session on Day 1 and decreased after the second session. From the 2nd session to the 17th session, the tracking errors decreased by 50.1±10.9% in Group 1 and 37.8±13.6% in Group 3. From the 2nd session to the 7th session, the error decreased by 26.9±12.0% in Group 2 and 25.5±13.64% in Group 4. In addition, to confirm whether the tracking errors reached a plateau at the end of the practice sessions, we performed a paired *t*- test for the errors in the last two practice sessions for each group. The results showed that there were no significant differences between the last two sessions in all groups (*t*(18) = 0.36, *p* = 0.72; *t*(18) = 0.32, *p* = 0.76; *t*(18) = 0.29, *p* = 0.77; *t*(18) = 0.27, and *p* = 0.79).

The aftereffects differed depending on the amount of practice. [Fig 5](#pone.0215331.g005){ref-type="fig"} shows the results. A three-way mixed ANOVA with the day of practice (Day 1, Day 2) as the within-subject factor and the time interval (24 h vs. 48 h) and the amount of practice on Day 1 (20 sessions vs. 10 sessions) as the between-subject factors revealed a statistically significant interaction between the day of practice and the amount of practice (*F*(1,36) = 8.14, *p* \< 0. 001, *η*~*p*~^2^ = 0.18) and the main effect of the amount of practice on Day 1 (*F*(1,36) = 31.85, *p* \< 0. 001, *η*~*p*~^2^ = 0.47). A post-hoc test revealed the simple main effect of the amount of practice on Day 1 and Day 2 and that of the day of practice on the 20-session groups (*F*(1,36) = 34.52, *p* \< 0.001, *η*~*p*~^2^ = 0.49; *F*(1,36) = 11.78, *p* \< 0.01, *η*~*p*~^2^ = 0.25; *F*(1,18) = 6.87, *p* \< 0.05, *η*~*p*~^2^ = 0.28).

![Aftereffects on Day 1 and Day 2.\
The vertical axis represents the difference between the last rotation session and the first non-rotation session (baseline). A mixed-design ANOVA revealed a statistically significant interaction between the day of training and the amount of training (*F*(1,36) = 8.14, *p* \< 0.001, *η*~*p*~^2^ = 0.18) and the main effects of the amount of training on Day 1 (*F*(1,36) = 31.85, *p* \< 0.001, *η*~*p*~^2^ = 0.47). A post-hoc test revealed the simple main effect of the amount of training on Day 1 and Day 2 (*F*(1,36) = 34.52, *p* \< 0.001, *η*~*p*~^2^ = 0.49; *F*(1,36) = 11.78, *p* \< 0.01, *η*~*p*~^2^ = 0.25) and that of the day of practice in the 20-session groups (*F*(1,18) = 6.87, *p* \< 0.05; *η*~*p*~^2^ = 0.28). The aftereffects marked with asterisks were significantly higher in the 20-session practice groups than in the 10-session practice groups (all *p*s \< .001).](pone.0215331.g005){#pone.0215331.g005}

In addition, we conducted two-way mixed ANOVA for each time interval condition. The results showed that in the 48-h-interval groups, there was a statistically significant interaction between the amount of practice and the day of practice, and a significant main effect of the amount of practice (*F*(1,18) = 9.84, *p* \< 0.001, *η*~*p*~^2^ = 0.35; *F*(1,18) = 11.34, *p* \< 0.01, *η*~*p*~^2^ = 0.39). A post-hoc test revealed that the simple main effects of the amount of practice on Day 1 and the day of practice on the 20-session practice condition were significant (*F*(1,18) = 17.85, *p* \< 0.001, *η*~*p*~^2^ = 0.50; *F*(1,18) = 10.82, *p* \< 0.01, *η*~*p*~^2^ = 0.55). In summary, in the 48-h-interval groups, the aftereffects in the group of participants who performed 20 sessions of the task on Day 2 was smaller than that on Day 1.

As for savings, the improvement in performance from Day 1 to Day 2 of the 20-session groups (Group 1, Group 3) was greater than that of the 10-session groups (Group 2, Group 4). [Fig 6](#pone.0215331.g006){ref-type="fig"} shows the results. A two-way ANOVA with the time interval (24 h, 48 h) and the amount of practice on Day 1 (20 sessions, 10 sessions) as the between-subject factors revealed the main effect of the amount of practice(*F*(1,36) = 12.89, *p* \< 0.001, *η*~*p*~^2^ = 0.26). There was no significant interaction.

![Savings in the experimental groups.\
The vertical axis represents savings. The savings of the 20-session groups (Group 1, Group 3) was greater than that of the 10-session groups (Group 2, Group 4). A two-way ANOVA with the time interval (24 h, 48 h) and the amount of training on Day 1 (20 sessions, 10 sessions) as between-subject factors revealed the main effect of the amount of training (*F*(1,36) = 12.89, *p* \< 0.001, *η*~*p*~^2^ = 0.26). There was no significant interaction. The savings values marked with asterisks were significantly higher in the 20-session practice groups than in the 10-session practice groups (all *p*s \< .001).](pone.0215331.g006){#pone.0215331.g006}

Further, we calculated the off-line learning gains on which Trempe and Proteau \[[@pone.0215331.ref009]\] focused as an index of motor learning. The off-line gains were found to be 10.1 in Group 1, 13.9 in Group 2, 8.7 in Group 3, and 10.5 in Group 4. A two-way between-subject ANOVA showed neither significant main effects of the amount of practice or the time interval of practice, nor a significant interaction between these two factors (*F*(1,36) = 0.83, *n*.*s*., *η*~*p*~^2^ = 0.02; *F*(1,36) = 1.09, *n*.*s*., *η*~*p*~^2^ = 0.30; *F*(1,36) = 0.71, *n*.*s*., *η*~*p*~^2^ = 0.03).

Discussion {#sec013}
==========

The present study investigated the effect of the amount of practice and the time interval between practice sessions on the retention and consolidation of a new internal model. We hypothesized that (1) a new internal model consolidates owing to extended practice after reaching a task performance plateau and (2) a longer time interval between practice sessions prevents the new internal model from being activated. The results of the tracking task for two days revealed that the magnitude of the aftereffects and the savings changed depending on the amount of practice, while the time interval between practice sessions affected the aftereffects only when the participants practiced longer. Specifically, the aftereffects in the 20-session groups (Group 2 and Group 4) were greater than those in the 10-session groups (Group 1 and Group 3) on Day 1 and Day 2 regardless of the time interval between the experimental sessions. In the 48-h-interval condition, the aftereffects decreased on Day 2 compared to Day 1, where the participants performed 20 sessions of the task on Day 1 (Group 4). In addition, the savings were greater in the 20-session groups (Group 2 and Group 4) than in the 10-session groups (Group 1 and Group 3), regardless of the time interval. These results supported the first hypothesis, but not the second one. By using a tracking task, the present study revealed for the first time that additional practice after reaching a task performance plateau is important for the consolidation of a new internal model.

Saturation learning and consolidation of internal models {#sec014}
--------------------------------------------------------

The present results supported the first hypothesis; the consolidation of a new internal model is stabilized by extended practice after reaching a task performance plateau. In the present study, the amplitude of the aftereffects was greater in the two groups where the participants performed 20 practice sessions on Day 1 (Group 2 and Group 4) than in the other two groups where the participants performed 10 practice sessions on Day 1(Group 1 and Group 3). Note that the error of the tracking task in all four groups did not significantly decrease in the last two practice sessions with visuomotor rotation on Day 1. Although we cannot provide direct evidence to conclude that Groups 1 and 3 completely reached a learning plateau, the improvement in the performance in the present study did not statistically change in the last two practice sessions in all the groups. These results indicate that just a decrease in the error of the task performance to the baseline is insufficient for the retention and consolidation of a new internal model, and extended practice after reaching a performance plateau is important for the consolidation of motor learning.

From this point of view, the present study is consistent with previous studies that suggested the importance of saturation learning in the consolidation of motor memory through a reaching task \[[@pone.0215331.ref008], [@pone.0215331.ref009], [@pone.0215331.ref028], [@pone.0215331.ref054]\]. The results of previous studies that used tracking tasks \[[@pone.0215331.ref024], [@pone.0215331.ref055]\] also agree with this idea, although their experiments focused on other issues. In the present study, consistent with these studies, larger aftereffects were observed in the two groups where the participants kept practicing after their performance reached a plateau on Day 1 (Group 2 and Group 4). Our results, together with previous studies, suggest that saturation learning induces consolidation of the motor memory regardless of the task type.

The motor memory that could be consolidated by saturation learning might correspond to the internal model in the framework of the motor computational theory. Shadmehr and his colleagues proposed that a novel internal model is maintained in the working memory; it not only persists for a short time but also easily suffers from interference by other new learning in the initial stage of learning \[[@pone.0215331.ref016], [@pone.0215331.ref056]\]. In addition, an unstable internal model requires further practice to be transferred to long-term memory \[[@pone.0215331.ref016], [@pone.0215331.ref057]\]. The inference from our results does not contradict these assumptions.

The second hypothesis, i.e., a longer time interval between practice sessions prevents the new internal model from being activated, was not supported. The analysis of aftereffects on Day 2 revealed that there was neither a significant interaction between the time interval between practice sessions and the day of practice nor a significant main effect of the time interval. Thus, the amplitude of the aftereffects did not differ between the 24-h-interval condition and the 48-h-interval condition. Only one study simultaneously investigated the relationship between aftereffects and the time interval between practice sessions \[[@pone.0215331.ref009]\], which is discussed later in detail. Although further investigation is necessary to reveal the relationship, our results at least suggest that aftereffects, which reflects the acquisition of a new internal model, might not decay from 24 h to 48 h. The amount of practice rather than the time interval between practice sessions seems to affect the consolidation and retention of a new internal model.

Savings and amount of practice and time interval between practice sessions {#sec015}
--------------------------------------------------------------------------

Based on the idea that savings reflects the process of reacquisition or re-expression of an internal model learned once \[[@pone.0215331.ref004], [@pone.0215331.ref040], [@pone.0215331.ref058]--[@pone.0215331.ref061]\], the present results suggest that the reacquisition or re-expression of a new internal model is facilitated as the amount of practice increases; the larger savings in the 20-session practice groups (Group 2 and Group 4) supports the first hypothesis that a new internal model is stabilized by additional practice after task performance reaches a plateau. In contrast, several studies have argued that savings is not related to the state of internal models but emerges on the basis of model-free processes such as use-dependent plasticity and operant reinforcement \[[@pone.0215331.ref012], [@pone.0215331.ref035], [@pone.0215331.ref036], [@pone.0215331.ref062]\]; movements that successfully achieved the goal of the task are reinforced, the motor memory is recalled, and the learning efficiency is improved. In terms of this mechanism, as extensive practice after the task performance reaches a plateau brings a sequence of successes to the participants, the present results can also be interpreted as re-learning on Day 2 being facilitated by operant reinforcement.

The present result that savings was not affected by the time interval between practice sessions can be interpreted in terms of both internal models and reinforced memory; if we assume that savings reflects the process of reacquisition or re-expression of a new internal model \[[@pone.0215331.ref004], [@pone.0215331.ref040], [@pone.0215331.ref058]--[@pone.0215331.ref061]\], the new model that is acquired once would not be eliminated with the passage of time. Similarly, if we assume that savings reflect the recall of motor memory that was reinforced by a model-free mechanism \[[@pone.0215331.ref012], [@pone.0215331.ref035], [@pone.0215331.ref036]\], the reinforced motor memory would not decay with the passage of time.

In any case, our results are not consistent with those of a previous study that used the same time intervals as those in our experiment \[[@pone.0215331.ref008]\]. Krakauer, Ghez \[[@pone.0215331.ref008]\] reported that regardless of the amount of practice, greater savings was observed in the experimental groups where the participants performed a re-learning task 24 h after the first learning session than in the groups with a 48-h interval between two learning sessions (Experiment 4). The discrepancy between the results of Krakauer, Ghez \[[@pone.0215331.ref008]\] and our results might be explained if we assume that motor learning in the participants in the present study was insufficient in the 10-session groups; if learning in the 10-session groups was less, the magnitude of savings would also be less in these groups than in the 20-session groups. Motor learning could be insufficient owing to the difference between the tasks involved in the studies; Krakauer, Ghez \[[@pone.0215331.ref008]\] used a reaching task and we used a tracking task. However, further investigation is required as it is difficult to discuss these possibilities in detail.

Comparison with results involving a reaching task {#sec016}
-------------------------------------------------

Here, we compare the results of Trempe and Proteau \[[@pone.0215331.ref009]\] with our results in detail, as both studies manipulated the amount of practice and the length of time interval between practice sessions to investigate the effect of these factors on motor learning. The major difference between the studies was the type of motor learning tasks; Trempe and Proteau \[[@pone.0215331.ref009]\] used a reaching task while the present study employed a tracking task. In addition, they set the amount of practice on Day 1 at 24 trials or 144 trials and the time interval at 10 min or 24 h, whereas we set the amount of practice at 10 sessions (40 trials) or 20 sessions (80 trials) and the time interval at 24 h or 48 h. Though there were several differences in the experimental paradigm between Trempe and Proteau \[[@pone.0215331.ref009]\] and the present study, the main conclusions were consistent, i.e., the condition with the greater amount of practice showed greater aftereffects.

In terms of off-line learning, while the gain in learning was significantly greater in the 24-h-interval groups than in the 10-min-interval groups in the work of Trempe and Proteau \[[@pone.0215331.ref009]\], there was no statistical significance either in the main effects of the amount of practice and the time interval between practice sessions or the interaction between them. The discrepancy between the present study and that of Trempe and Proteau \[[@pone.0215331.ref009]\] could be explained by the effect of sleep; in the work of Trempe and Proteau \[[@pone.0215331.ref009]\], one condition involved sleep but the other did not after the first learning session (10 min vs. 24 h). By contrast, both conditions in our study involved night sleep despite the difference in how many times the participants slept. Previous studies have revealed that sleep considerably enhances off-line learning \[[@pone.0215331.ref063]--[@pone.0215331.ref065]\], the amount of which largely depends on the types of learning and of learning measures \[[@pone.0215331.ref044], [@pone.0215331.ref066]\]. The discrepancy may be explained by assuming that the second-time sleep would not facilitate further learning. In general, with minor differences owing to the experimental condition, the results of Trempe and Proteau \[[@pone.0215331.ref009]\] are consistent with our results, and they suggest that a tracking task and a reaching task have a common underlying mechanism of aftereffects and off-line learning of visuomotor rotation.

Advantages and limitations of the present study {#sec017}
-----------------------------------------------

The findings from studies involving the tracking task strengthens the findings from previous studies on human motor learning. First, as the tracking task requires the participants to move their arm continuously for a longer time than the reaching task \[[@pone.0215331.ref024], [@pone.0215331.ref043]--[@pone.0215331.ref045], [@pone.0215331.ref055]\], the tracking task prevents participants from adopting explicit strategies to achieve the goal of the task \[[@pone.0215331.ref055]\]. Second, it requires the participants to pay attention to the effect of their physical movement in an external environment rather than to their own body, and the external attention leads to the achievement of efficient motor learning \[[@pone.0215331.ref067]--[@pone.0215331.ref069]\]. Third, the tracking task consists of a succession of reaching movements in various directions, and it would accordingly facilitate the generalization of learning \[[@pone.0215331.ref070]\]. Finally, the tracking task likely duplicates motor learning in daily or clinical situations that is fluid and requires continuous responses. As there are relatively few visuomotor adaptation studies involving the tracking task, further investigation using the task is required to elucidate the mechanism of human motor learning along with the findings from previous studies involving the reaching task.

The present study has the following limitations. First, only a few conditions of the amount of practice (10 sessions and 20 sessions) and the time interval between practice sessions (24 h and 48 h) were considered. With the present experimental paradigm, we did not investigate motor learning for the duration which is actually required in real-life situations such as physical therapy and athletic training scenarios. Second, the lack of conclusive evidence of a learning plateau is a significant limitation of the present study. It is difficult to identify a learning plateau using statistical methods, particularly in a relatively short-term experiment. However, note that it is not important that a learning plateau was achieved at the 5th and 6th sessions in the 10-session groups (Groups 1 and 3). The assumption that the errors at the end of the rotation sessions did not largely decreased was, at least, not statistically disproved (that is, null result), although it is not direct evidence for supporting the assumption. Finally, the effect of a contextual cue in the tracking task of our study should be considered. In the present study, different colors of the target in the tracking task could play the role of a contextual cue regarding perturbation. Several previous studies have revealed that color contextual cues in a motor learning task facilitate the switching of multiple internal models \[[@pone.0215331.ref071]--[@pone.0215331.ref074]\]. In addition, Taylor, Krakauer \[[@pone.0215331.ref051]\] reported that explicit cuing hinders aftereffects in a visuomotor rotation task. Taking these findings into account, there is a possibility that the different colors of the target in the tracking task in the present study could be contextual cues that decay the aftereffect. In the present study, the aftereffects could be less than observed in previous studies because of the different colors of the target in the tracking task.

Conclusion {#sec018}
==========

The present study aimed to reveal the relationship between the amount of practice and time interval between practice sessions and the retention and consolidation of a new internal model for efficient motor learning. Two main suggestions were provided. First, additional practice after reaching a task performance plateau is important for the consolidation of a new internal model. Second, two-day rest does not negatively affect the learning of a simple visuomotor task. We emphasize here that the present study provided suggestions consistent with those of previous studies regardless of the type of motor learning task. The suggestions of this study might eliminate the extra time and labor required for motor learning, streamline rehabilitation in clinical settings, and facilitate efficient sports training.

Supporting information {#sec019}
======================

###### The dataset for the experiment.

Each sheet contains the dataset for a paired *t*- tests for learning plateau, ANOVA for aftereffects and savings respectively.

(XLSX)

###### 

Click here for additional data file.
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